Current diagnostic tests for gastroesophageal reflux disease (GERD) are suboptimal and do not accurately and reliably measure chronicity of reflux. A minimally invasive device has been developed to assess esophageal mucosal impedance (MI) as a marker of chronic reflux. We performed a prospective longitudinal study to investigate MI patterns in patients with GERD and common nonreflux conditions, to assess MI patterns before and after treatment with proton pump inhibitors and to compare the performance of MI and wireless pH tests. METHODS: We evaluated MI in 61 patients with erosive esophagitis, 81 with nonerosive but pH-abnormal GERD, 93 without GERD, 18 with achalasia, and 15 with eosinophilic esophagitis. MI was measured at the site of esophagitis and at 2, 5, and 10 cm above the squamocolumnar junction in all participants. MI was measured before and after acid suppressive therapy, and findings were compared with those from wireless pH monitoring. RESULTS: MI values were significantly lower in patients with GERD (erosive esophagitis or nonerosive but pH-abnormal GERD) or eosinophilic esophagitis than in patients without GERD or patients with achalasia (P < .001). The pattern of MI in patients with GERD differed from that in patients without GERD or patients with eosinophilic esophagitis; patients with GERD had low MI closer to the squamocolumnar junction, and values increased axially along the esophagus. These patterns normalized with acid suppressive therapy. MI patterns identified patients with esophagitis with higher levels of specificity (95%) and positive predictive values (96%) than wireless pH monitoring (64% and 40%, respectively). CONCLUSIONS: Based on a prospective study using a prototype device, measurements of MI detect GERD with higher levels of specificity and positive predictive values than wireless pH monitoring. Clinical Trials.gov, Number: NCT01556919.
BACKGROUND & AIMS:
Current diagnostic tests for gastroesophageal reflux disease (GERD) are suboptimal and do not accurately and reliably measure chronicity of reflux. A minimally invasive device has been developed to assess esophageal mucosal impedance (MI) as a marker of chronic reflux. We performed a prospective longitudinal study to investigate MI patterns in patients with GERD and common nonreflux conditions, to assess MI patterns before and after treatment with proton pump inhibitors and to compare the performance of MI and wireless pH tests. METHODS: We evaluated MI in 61 patients with erosive esophagitis, 81 with nonerosive but pH-abnormal GERD, 93 without GERD, 18 with achalasia, and 15 with eosinophilic esophagitis. MI was measured at the site of esophagitis and at 2, 5, and 10 cm above the squamocolumnar junction in all participants. MI was measured before and after acid suppressive therapy, and findings were compared with those from wireless pH monitoring. RESULTS: MI values were significantly lower in patients with GERD (erosive esophagitis or nonerosive but pH-abnormal GERD) or eosinophilic esophagitis than in patients without GERD or patients with achalasia (P < .001). The pattern of MI in patients with GERD differed from that in patients without GERD or patients with eosinophilic esophagitis; patients with GERD had low MI closer to the squamocolumnar junction, and values increased axially along the esophagus. These patterns normalized with acid suppressive therapy. MI patterns identified patients with esophagitis with higher levels of specificity (95%) and positive predictive values (96%) than wireless pH monitoring (64% and 40%, respectively). CONCLUSIONS: Based on a prospective study using a prototype device, measurements of MI detect GERD with higher levels of specificity and positive predictive values than wireless pH monitoring. Clinical Trials.gov, Number: NCT01556919.
Keywords: PPI; Reflux Damage; Comparative Analysis. G astroesophageal reflux disease (GERD) occurs when reflux of gastroduodenal contents causes troublesome symptoms and/or complications. 1 GERD is estimated to affect 20% to 30% of the population in Western countries 2 and is associated with major quality-of-life implications and a substantial economic burden. [3] [4] [5] The annual direct cost for management of GERD is estimated at $971 per patient, with projected national expenditures ranging from $9.3 billion to $12.1 billion. 3, 6, 7 Compounding these growing expenditures is the increasing prevalence of partial responders or nonresponders to empiric acid suppressive therapy. Patients with GERD often undergo diagnostic esophageal pH tests using intraluminal esophageal probes, but this technology has largely remained static since initially designed in the 1970s. 8, 9 Current diagnostic tests for GERD are suboptimal because they lack adequate sensitivity or specificity and only detect reflux if it occurs during the test period. Therefore, patients with reflux who do not have adequate events during the test have falsely negative results, often leading to alternative diagnoses and improper treatment. 10, 11 The current armamentarium of diagnostic modalities for GERD includes several options with variable utility. For example, esophageal erosion identified on esophagogastroduodenoscopy (EGD) is highly specific for GERD. However, it lacks sensitivity because less than 30% of affected patients exhibit erosive disease. Furthermore, endoscopic scoring of "mild" disease is subjective and not very reliable. 12 Moreover, many presenting patients have normal-appearing mucosa at endoscopy given the widespread use of acid suppressive agents.
Ambulatory pH and intraluminal impedance monitoring is the current gold standard; however, it is limited because it can only measure reflux activity during the 24-to 48-hour testing period, which is affected by variable patient compliance with "routine daily activity" as a result of catheter discomfort and altered daily routine. [13] [14] [15] These ambulatory reflux monitoring devices have acceptable sensitivity (77%-100%) and specificity (85%-100%) in patients with endoscopic esophagitis but are less sensitive (0%-71%) among endoscopy-negative patients. 10, 11 Furthermore, these tests determine the presence of reflux but do not measure the long-term mucosal consequences of GERD, which is a significant limitation of existing platforms. Recently, the presence of dilated intercellular spaces (DIS) in the esophageal mucosa as seen on transmission electron microscopy of biopsy specimens has been suggested as a marker of chronicity of GERD in patients with either esophagitis or nonerosive reflux disease. [16] [17] [18] In animal models, DIS is a consequence of acid-peptic injury to the apical surface of the epithelial cells and of acute stress, which increases paracellular permeability across the epithelial layers and likely allows diffusion of H þ ions into the intercellular space. [19] [20] [21] Therefore, H þ access to sensory nerve endings in the mucosa might account for the symptoms occurring in patients without mucosal breaks. 22 Despite these promising findings, the role of DIS in the diagnosis of GERD remains unknown due to uncertainty regarding optimal biopsy site, the need for expensive and not widely available transmission electron microscopy, and recent contradictory findings.
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Measurement of esophageal intraluminal impedance recently has suggested lower intraluminal impedance values for patients with GERD compared with controls. 24 However, this finding is based on traditional catheter-based 24-hour ambulatory measurements. This technology uses indirect mucosal conductivity measurements at a fixed location along the esophagus and is hampered by patient discomfort. The intraluminal impedance measurements are indirect, with uncertainty of direct mucosal contact. In addition, these measurements are associated with suboptimal sensor array and impedance rings that are too far apart (typically 1.6 cm). Finally, there is less certainty as to whether the measurements are influenced by intraluminal contents, which by design cannot be excluded, resulting in inherent measurement errors.
We recently developed and validated a minimally invasive, simple, and low-cost device to assess changes in esophageal mucosal impedance (MI) as a tool to measure the presence and chronicity of reflux. 25 The aims of this prospective longitudinal study were to (1) investigate MI patterns in patients with GERD and common nonreflux conditions to assess test characteristics, (2) assess MI patterns before and after proton pump inhibitor (PPI) therapy in patients with GERD, and (3) compare the performance of MI and wireless pH testing.
Patients and Methods
This study was performed in accordance with the Declaration of Helsinki, Good Clinical Practice, and applicable regulatory requirements. Each patient signed a consent form before undergoing any study-related procedures. The Vanderbilt Institutional Review Board approved this clinical trial (IRB# 101109; NCT01556919). All authors had access to the study data and reviewed and approved the final manuscript.
Patient Population and Study Design
The study population consisted of patients with upper gastrointestinal symptoms referred for diagnostic testing for GERD and those with eosinophilic esophagitis (EoE) and achalasia. Reflux testing was conducted to (1) confirm reflux in those with complete response to PPI therapy before surgical fundoplication (22%) or (2) confirm esophageal acid exposure in those with an incomplete response to acid suppressive therapy as part of a workup to assess for GERD as the cause of symptoms (78%). Presenting symptoms in the former group included heartburn, regurgitation, epigastric pain, chronic cough, laryngitis, and asthma. Patients were excluded from the study if they had Barrett's esophagus, had a history of esophageal surgery or gastrointestinal cancer, had peptic ulcer disease, or did not discontinue the use of PPIs 10 days before endoscopy and histamine receptor antagonists 7 days before endoscopy. Patients with confirmed EoE had dysphagia, a ringed esophagus, and histological confirmation (>15 eosinophils per high-power field in both distal and proximal esophageal biopsy specimens). pH testing was not conducted in patients with EoE because it is not included in the current recommendations for initial evaluation of these patients. 26 Patients with achalasia had dysphagia to solids and liquids, endoscopic features of mild to moderate dilation of the esophagus with retained saliva and food as well as a puckered gastroesophageal junction, and manometric confirmation with esophageal aperistalsis and partial or poor relaxation of the lower esophageal sphincter. Patients with achalasia served as an important second control group for comparison between the divergence of impedance measurements based on direct mucosal contact (MI) and intraluminal measurements.
All participants underwent EGD. Wireless pH testing was performed to measure the degree of esophageal acid exposure in all patients being evaluated for GERD (excluding achalasia and EoE). Before placement of the wireless pH capsule, the MI catheter was traversed through the working channel of the endoscope and direct contact MI measurements were obtained by touching the MI sensors to the esophageal lining. Any liquid visualized during endoscopy was suctioned before measurement of MI to minimize confounding. Measurements were taken at 2, 5, and 10 cm above the squamocolumnar junction (SCJ) relative to the lesser curvature of the stomach and directly measured at the site of eroded mucosa if there was evidence of erosive esophagitis ( Figure 1A ). MI measurements were obtained continuously for 5 seconds at each location, and the mean measurement for each location was used for analysis. MI measurements were recorded without knowledge of the wireless pH results.
Patients were divided into 5 groups based on clinical presentation, endoscopic, and pH monitoring data: (1) erosive esophagitis (Eþ), (2) nonerosive mucosa with abnormal pH (EÀ/pHþ), (3) nonerosive mucosa with normal pH (EÀ/pHÀ), (4) EoE, and (5) achalasia. The first 2 groups represented those with objective GERD, and the latter 3 groups constituted the non-GERD group. MI values for groups were compared with each other and at different levels along the esophageal axis ( Figure 1A ). EGD and MI measurements were repeated in patients discovered to have LA grade C or D esophagitis on index endoscopy after treatment with PPIs for 6 to 8 weeks to assess the effect of therapy on esophageal inflammation as well as MI pattern.
Measurement of MI
A newly designed MI catheter ( Figure 1B ) was engineered to measure electrical impedance of the esophageal lining by direct mucosal contact. A special sensor array composed of 360 circumferential sensing rings (Sandhill Scientific Inc, Denver, CO) was engineered and mounted on a catheter 2 mm in diameter ( Figure 1B ) with the following specifications: (1) ring length of 3 mm, (2) ring separation of 2 mm, (3) end of distal ring mounted 1 mm away from the tip of the catheter, and (4) a soft catheter easily traversable through the working channel of an upper endoscope. The electrodes were connected to an impedance voltage transducer at the bedside via thin wires, which ran the length of the catheter. The voltage generated by the transducer was limited to produce at most 10 mA of current. The frequency for the measuring circuit was set at 2 kHz. Impedance measurements of the esophageal mucosa were expressed in ohms as the ratio of voltage to the current. Data were acquired with a stationary impedance data acquisition system (InSight; Sandhill Scientific Inc) and were viewed and analyzed by using BioView Analysis software (Sandhill Scientific Inc). Unique specifications for the new catheter relative to the traditional multichannel esophageal impedance/ pH catheter are highlighted in Figure 1B .
Wireless pH Monitoring
Ambulatory pH monitoring was performed for 48 hours using Bravo wireless pH monitors (Given Imaging, Duluth, GA). Wireless capsules were calibrated by submersion in buffer solutions at pH 7.0 and pH 1.0 and then activated by magnet removal. Patients underwent EGD with deep sedation (ie, propofol) for visual anatomic inspection and collection of distance measurements from the incisors to the SCJ. Wireless pH capsules then were placed as previously described. 27 Measurements of the total, upright, and supine percentage time when esophageal pH was <4 were determined over day 1 and day 2 of the wireless pH study. Acid exposure time (percent time pH was <4) greater than 5.3% per day was considered abnormal. 28 
Statistical Analysis
Data were collected and stored in the secure web-based Vanderbilt Digestive Disease Center REDCap database (Research Electronic Data Capture) (1 UL1 RR024975 NCRR/ National Institutes of Health). There was strict control and supervision of data entry and access to study data.
Patient characteristics were described using medians and interquartile ranges for continuous variables and proportions for categorical variables. Statistical differences in outcomes among groups and different esophageal sites were assessed using the Kruskal-Wallis test or the Pearson c 2 test. Receiver operating characteristic curves were used to summarize the sensitivity and specificity of MI to predict GERD at all possible cutoff points. The area under the receiver operating characteristic curve was estimated with a 95% confidence interval to evaluate the predictive accuracy of MI. Hypothesis tests were considered significant if the P value was .05. The positive predictive value of MI measurements was then compared with pH monitoring in diagnosing GERD. In the subset of patients in whom MI was measured both before and after PPI therapy, pre-MI and post-MI values at each location were compared using paired t tests. Separate logistic regression models were used to estimate the probability of esophagitis as a function of MI and total percent time pH was <4. MI and total percent time pH was <4 were included as continuous covariates in each model.
Results

Demographics
A total of 268 patients were studied and stratified into those with Eþ (n ¼ 61) (LA grade A, 28; grade B, 18; grade C, 10; and grade D, 5), EÀ/pHþ (n ¼ 81), EÀ/pHÀ (n ¼ 93), achalasia (n ¼ 18), and EoE (n ¼ 15) ( Table 1) . As expected, patients with EoE were younger than those in other groups; in addition, like patients with achalasia, patients with EoE were mostly male (P < .001) and had significantly more dysphagia as the presenting symptom than those in other groups (P < .001). There were no other differences in patient characteristics or presenting symptoms among the groups. Patients with GERD (Eþ and EÀ/pHþ groups) had significantly (P < .001) greater acid reflux exposure (total, upright, and supine percent time pH was <4) than those without GERD (EÀ/pHÀ group) ( Table 1) .
MI
Group differentiation. Overall, median (interquartile range [IQR]) MI measurements (U) were significantly (P < .001) lower for the GERD and EoE groups than the non-GERD groups (Figure 2A -C) ( Table 2 ). The pattern of MI values along the esophagus was unique for those with GERD (Eþ, EÀ/pHþ), non-GERD (EÀ/pHÀ, achalasia), and EoE ( Figure 2D ). In GERD and non-GERD patients, there was a numerical increase in MI measurements from the distal to proximal esophagus ( Figure 2D) , with the lowest measurements at the site of mucosal erosion (esophagitis) (775 U [613-1042 U]), followed in order by 2, 5, and 10 cm above the SCJ. Median (IQR) MI measurements (U) were similar (P ¼ .7) among those with GERD (Eþ, EÀ/pHþ) and at all esophageal sites were significantly (P < .001) lower from those without GERD (EÀ/pHÀ, achalasia) ( Figure 2D) Figure 3) . Means of the differences were 2491 U at 2 cm, 1728 U at 5 cm, and 2738 U at 10 cm above the SCJ. MI compared with wireless pH. Considering esophagitis as the most objective criteria for GERD, predictive probabilities were determined based on pH and MI measurements. For pH monitoring, there was no pH cutoff at which the probability of esophagitis increased sharply; for MI, the predictive probability of esophagitis sharply increased at MI values less than 2000 U ( Figure 4A and B) . Based on this model, MI had superior specificity and positive predictive values (95% and 96%, respectively) compared with pH monitoring (64% and 40%, respectively). The sensitivity and negative predictive values were similar between the groups at 76% and 69%, respectively, for MI and at 75% and 72%, respectively, for pH monitoring. There were no complications associated with MI catheter use, and it added an average of 2 minutes to the time needed to perform endoscopy.
Discussion
In this prospective study, we showed the clinical performance of an innovative MI measurement device in patients with GERD. Important observations from our study include the following: (1) the MI pattern is unique in GERD compared with non-GERD patients; (2) low MI is an important determinant of changes along the esophageal epithelium, which is similar for GERD and those with EoE, but the MI pattern along the esophagus is distinctive in the 2 conditions; (3) GERD-related low MI recovers after PPI therapy; and (4) MI may be a better predictor of esophagitis than pH monitoring. These findings show that mucosal changes associated with chronic GERD may demonstrate a dose-response relationship along the esophageal axis, which is easily measurable using the MI device. In addition, we showed that EoE has a unique MI pattern, suggesting alteration in mucosal integrity all along the esophagus.
There are currently no techniques to accurately and reliably measure the mucosal consequence of long-term esophageal exposure to injurious gastroduodenal agents. As such, our data lay the foundation for in-depth investigation of direct measurements of MI as an alternative and innovative method for detecting GERD and its long-term impact on the esophageal mucosa with or without visible changes on endoscopy. The technique is simple and can be performed during endoscopy. It adds approximately 2 minutes to the procedure time and may ultimately eliminate the need for prolonged pH testing (ie, 24-48 hours). Existing diagnostic tests for GERD are inherently flawed because they rely on measurement of a single time point of intraluminal reflux (acid or nonacid) as a surrogate for a chronic condition. Current ambulatory reflux detection tests, Figure 2 . Median (IQR) MI measurements at (A) 2 cm, (B) 5 cm, and (C) 10 cm above the SCJ for the 5 study groups. MI measurements were significantly (P < .001) lower for GERD (Eþ, EÀ/pHþ) and EoE than non-GERD (achalasia or EÀ/pHÀ). (D) Median (IQR) MI values in an axial distribution along the esophagus for the 5 study groups. GERD and non-GERD patients showed lower MI values at the distal esophagus with a progressive increase along the esophagus, with the former group having lower MI values at all levels than the latter group. The MI pattern in EoE was distinct from GERD in showing low MI values all along the esophagus.
including pH monitoring (catheter or wireless) and multichannel intraluminal impedance/pH monitoring, are limited in that they measure reflux events only over a 1-to 2-day period and assess acid exposure at a single location (5 cm above the LES), thus providing only a "snapshot" measurement of esophageal luminal acid exposure. More importantly, the catheter-based pH or impedance monitoring devices are invasive and uncomfortable and therefore may result in alteration of the patient's daily activity, influencing the outcome they intend to measure. Thus, a simple accurate means of diagnosing chronic GERD is a welcome improvement to our current armamentarium of diagnostic testing. Our data expand on our original data 25 as well as recently published data (in a small sample size of 12 patients with GERD). 29 Unlike the MI catheter used by others, 29 our catheter underwent extensive validation to determine the size and separation of the MI rings to provide optimal sensitivity and specificity. 25 In addition, our current study included a large group of GERD and non-GERD patients to expand on the clinical utility.
Investigations into reflux-induced alteration of esophageal mucosal integrity, such as by using this novel device, may offer a simple and convenient means to measure the severity and chronicity of reflux. Healthy esophageal epithelium has low permeability to intraluminal materials due to the integrity of cell membranes and tight junctions, which would correspond to high impedance values. However, injurious agents such as acid, pepsin, and/or bile acids compromise epithelial integrity. In fact, esophageal mucosal exposure to acid reflux is shown to decrease potential difference and epithelial resistance while increasing small molecule permeability, 29 which is consistent with DIS detected by transmission electron microscopy.
18,30-35 Distal esophageal biopsy specimens from patients with GERD are reported to have significantly wider intercellular spaces compared with controls. 16 Subsequent studies have also suggested reversibility of DIS after acid suppressive therapy. 33 Several important constraints limit the use of this technique in diagnosis of GERD. DIS is sensitive but not specific for GERD and can occur under stress 21 in up to 30% of asymptomatic healthy subjects, in the setting of food allergy, and in other esophageal disorders such as candida infection. 36 Moreover, a recent study questioned the uniform presence of DIS in patients with GERD. 23 Furthermore, DIS is not homogeneously distributed in the esophagus of patients with GERD; instead, there appears to be radial and axial variation in its distribution. 35 Finally, the need for the expensive and not widely available expertise-dependent technology of electron microscopy has limited the use of DIS in GERD to only academic centers with special interest in esophageal diseases. A tool like the one used in this study that measures mucosal impedance as a surrogate marker for esophageal epithelial integrity can harness these differences and may improve accuracy in identifying patients with GERD from those without GERD.
Initial studies using intraluminal impedance monitoring suggested that patients with intestinal metaplasia (Barrett's esophagus) or mucosal disruption (esophagitis) had lower intraluminal impedance values. 37, 38 Thus, the prolonged ambulatory catheter was not as useful in measuring reflux in the group with known moderate to severe GERD. Therefore, the test was reserved for those with mainly nonerosive disease who continue to have symptoms despite lack of objective endoscopic evidence for GERD. Later studies suggested that baseline intraluminal impedance measurements may be inversely related to the degree of esophageal acid exposure. 39 For example, a study of 8 patients with erosive esophagitis, 18 patients with nonerosive reflux, and 15 healthy volunteers suggested lower intraluminal impedance in those with GERD than in healthy volunteers, indicating a potential role for this device in monitoring mucosal integrity. 24 Additionally, a recent study in infants with GERD suggested that intraluminal impedance increases after PPI therapy. 40 Taken together, these studies suggest that reflux-related changes are detectable via intraluminal impedance in patients with GERD. However, we believe that the preceding observations, performed crudely without confirmation of direct impedance sensor mucosal contact, were indirect measurements of mucosal integrity. The divergent impedance 41, 42 which are overcome by direct mucosal measurement during endoscopy. Using our technique, any retained liquid can be suctioned at endoscopy, allowing for direct mucosal contact. As would be expected, MI values in patients with untreated achalasia should be similar to those without reflux (ie, control population), which is confirmed in our study (Figure 2 ). Our novel approach provided MI measurements via direct contact and short duration of measurements at endoscopy without the need for 24-hour, uncomfortable catheterbased devices and with reduced influence from unknown retained esophageal saliva or liquids.
We aimed to study the importance of MI in a setting that mimics current clinical evaluation of patients with suspected GERD. The role of abnormal esophageal acid exposure for the diagnosis of GERD is well established. 43, 44 However, the role of intraluminal impedance testing alone without information on esophageal acid exposure is controversial in those who continue to be symptomatic despite PPI therapy. In fact, the most recent American College of Gastroenterology and American Gastroenterological Association guidelines for the diagnosis and treatment of GERD minimize the role of intraluminal impedance monitoring due to lack of evidencebased outcome data. 13, 45 In addition, the latest surgical outcome study showed that impedance monitoring does not predict response to fundoplication; however, baseline esophageal acid exposure as well as presence of a mechanical defect such as a hiatal hernia did predict symptomatic improvement after surgery. 46 Finally, the most recent Esophageal Diagnostic Advisory Panel, composed of medical and surgical experts on preoperative workup for GERD, emphasized the role of pH testing off therapy and suggested that there is insufficient evidence to justify the decision to proceed with antireflux surgery based on abnormal impedance testing alone. 44 Thus, our study assessed MI in those with objective evidence of reflux based on the currently used gold standard of diagnosis of GERD and those recommended by experts and guidelines. We propose that in patients being evaluated for chronic GERD, MI during endoscopy (on or off PPI therapy) will help guide the clinician to the presence of reflux. In those being tested before fundoplication or those who continue to be symptomatic despite acid suppressive therapy, measurements in the distal esophagus showing low MI (<2000 U) would confirm the diagnosis of reflux and obviate the need for any further testing. Conversely, a high MI in these groups would argue against the presence of GERD and would suggest investigating alternative diagnoses.
An intriguing finding in our study is the pattern of esophageal MI in patients with EoE. In these patients, MI values were consistently low throughout the esophagus; this was distinct from the pattern observed in patients with GERD, showing a graded increase from the distal to proximal esophagus. Recent studies have confirmed the findings in our study showing impaired esophageal mucosal integrity in patients with EoE, which suggests that increased epithelial permeability has a possible role in the presentation of allergens to the immune system. 47, 48 Currently under investigation is whether these changes are uniformly present at all sites along both the radial and axial distribution in EoE. A recent study by van Rhijn et al 48 suggests that PPI therapy may improve mucosal integrity in those with PPIresponsive EoE; however, this needs to be validated in the ongoing study with our device.
Some limitations and potential for design optimization of the MI device should be highlighted. First, the catheter used in our study contained only 2 impedance rings, forming a single MI sensing channel. It provided measurements along the esophagus at each of the sites: esophagitis and 2, 5, and 10 cm above the SCJ. The catheter was manually repositioned from one site to the next along the esophagus, which may have resulted in measurement variability. In addition, the 360 circumferential impedance ring design used in this study is not optimal. Because only 180 rings are needed to oppose the mucosa, the current design may have had interference from esophageal motility and intraluminal contents such as air and liquid. The next-generation device currently in development will have the ability to resolve these shortcomings, reduce measurement variability, and improve sensitivity to diagnose GERD. Finally, our measurements were taken only along the axial distribution of the esophagus. We believe that reflux changes along the esophageal mucosa do not occur uniformly, thus necessitating both axial and radial MI measurements to provide more robust data. This will also be addressed in our future design updates to the MI catheter. The preceding adjustments in the catheter design, which are currently under way, will provide more robust MI data with reduced variability and decreased overlap among GERD and non-GERD subjects with potential for improved sensitivity. However, it is important to recognize that despite these limitations, the sensitivity and specificity of the current prototype device is similar to the available technology without the need for prolonged monitoring with uncomfortable catheter-based devices.
In conclusion, we have developed a novel, minimally invasive, short-duration MI technique for detecting esophageal mucosal changes due to chronic GERD without the need for 24-to 48-hour ambulatory impedance pH catheter placement. Our data show (1) an innovative method for differentiating the mucosal pattern in GERD compared with non-GERD, (2) recovery of GERD-related MI changes with PPI therapy, (3) distinction of the MI pattern from EoE, and (4) favorable detection of GERD compared with pH monitoring. Taken together, our findings are encouraging steps forward in improving our ability to diagnose GERD. Future improvements in device design will likely reduce measurement variability, thus improving device sensitivity for GERD and paving the way for a new means of reflux-related diagnoses. 
